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Sununary  of  Work  Accomplished 

The  considerable  body  of  work  accomplished  under  the  auspices  of  this  grant 
has  been  reported  in  40  published  papers.  A  list  of  these  papers  are  given 
below.  -  A  main  theme  of  these  papers  are  the  role  of  quantum  effects  and 

determining  how  the  sensitivity  of  optical  senor,  such  as  the  ring- laser  gyro, 
can  be  improved.  We  summarize  this  work  below,  with  references  to  the  attached 
publication  list. 

*  The  correlated- spontaneous -emission  laser  (CEL)  is  a  concept  first  developed 
by  us  in  1985  which  permits  reduction  of  quantvun  noise  associated  with  the 
relative  phase  angle  between  two  correlated  laser  transitions.  The  mechanism  of 
quantum  noise  quenching  in  the  original  CEL  device  (quant\jm  beat  laser)  has  been 
explained  using  a  geometrical  approach  (Paper  15)^  and  a  more  rigorous  analysis 
where  amplitude  noise  is  also  included.  Extensive  studies  on  the  CEL,  including 
the  effects  of  nonlinear  saturation  and  atomic  motion,  was  performed  i»-pap«r  7  - 
9.  The  CEL  concept  has  been  found  applicable  to  various  types  of  devices, 
besides  the  quantum  beat  laser,  for  the  purpose  of  quantum  noise  reduction. 

Using  the  CEL  concept,  we  have  developed  the  following  four  devices,  which  have 
the  ability  of  quantum  noise  reduction,  even  squeezing. 

1.  Memory  Effect  Laser  (paper  11) 

The  phase  noise  in  a  laser  with  short  lifetime  active  medium  is  the 
famous  Schawlow-Townes  result.  In  memory  effect  lasers  we  use  long  lifetime 
atoms  as  the  active  medium  (as  compared  with  the  measurement  time).  The  phase 
noise  can  be  dramatically  reduced  due  to  the  atomic  memory  effect.  This  noise 
reduction  is  valid  even  though  the  saturation  is  taken  into  account. 

2.  Holographic  Laser  (paper  1) 

In  holographic  lasers  the  active  medium  in  a  ring  cavity  is  modulated 
like  a  hologram.  The  two  counterpropagating  beams  interfere  constructively 


with  each  other,  which  leads  to  noise  quenching.  This  noise  quenching  is 
maintained  in  third  order.  This  holographic  laser  is  very  useful  in  the 
sensitivity  enhancement  of  Ring  Laser  Gyros. 

3.  Hanle  Laser  (paper  3) 

The  Hanle  laser  is  a  similar  device  to  the  quantum  beat  CEL  with  the 
use  of  two  different  polarized  beams. 

4.  Two -Photon  CEL  (paper  4) 

The  two  photon  CEL  device  has  the  ability  to  produce  squeezed  state 
radiation  fields  and  is  a  potential  bright  source  of  squeezed  light.  Because 
of  this,  we  have  done  a  lot  of  work  on  the  two-photon  CEL.  We  studied  the 
phase  noise  squeezing  in  linear  and  nonlinear  theories  (papers  4,  6,  23,  25). 

A  number  of  analytical  approaches  have  been  proved  useful  in  understanding  the 
two-photon  CEL  (papers  4,  26,  32,  35,  40). 

Papers  20  and  21  are  conference  proceedings  providing  an  overview  of  the 
various  devices,  which  have  the  ability  of  quantum  noise  reduction,  quenching 
and  squeezing.  The  influence  of  pumping  statistics  and  the  squeezing  relation 
between  the  inside  cavity  and  outside  cavity  have  been  studied  in  papers  28, 

38,  and  39.  Comparison  has  been  made  to  the  results  of  experiment  (paper  14). 

Besides  the  quantum  noise  reduction,  quenching  and  squeezing,  we,  using 
the  CEL  concept,  have  developed  a  new  kind  of  laser  device  which  can  be 
operated  with  nonpopulation  inversion  (paper  31) . 

Quantum  noise  reduction,  through  the  generation  and  use  of  squeezed 
states,  is  a  technique  which  has  proven  to  be  experimentally  effective.  Papers 
3,  24,  33,  38,  and  39  are  concerned  with  the  physical  understanding  of  squeezed 
states  and  the  applications  of  such  states  to  sensitivity  enhancement. 

In  paper  38,  a  physically  intuitive  picture  of  the  relation  of  quantum 
fluctuations  inside  and  outside  a  transmitting  cavity  was  developed.  The 
principal  tenet  of  this  work  was  the  analysis  of  quasimodes  of  a  leaky  cavity 
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in  terms  of  the  true  modes  of  a  larger  (infinitely  large  in  the  limit)  cavity 
containing  the  leaky  one.  Based  on  this  description,  one  could  easily 
understand  why  quantum  noise  reduction,  and  specifically  the  degree  of 
squeezing,  is  different  inside  and  outside.  This  has  much  relevance  to  the 
study  of  sensitivity  enhancement  of  laser  gyros,  since  what  one  might  predict 
for  squeezing  inside  may  be  quite  different  from  that  in  the  output  light  which 
is  what  one  typically  will  use.  In  fact,  there  may  be  dramatic  differences 
inside  and  outside:  in  particular,  if  the  intracavity  field  is  perfectly 
squeezed,  than  the  output  field  shows  no  squeezing  at  all. 

In  paper  39,  applications  of  this  physical  picture  to  the  intracavity  - 
extracavity  quadrature  variance  relations  for  an  ordinary  laser,  a  laser 
operating  in  the  phase-locked  regime,  and  to  a  2-photon  correlated  emission 
laser  were  studied.  In  the  last  system,  under  two  different  conditions,  we 
found,  respectively,  50%  intracavity  and  100%  extracavity  phase  squeezing,  and 
100%  intracavity  and  no  extracavity  phase  squeezing. 

Paper  13  represents  the  initial  efforts  to  address  phase  diffusion  and 
quantum  noise  responsible  for  the  intrinsic  linewidth  of  a  laser  when  the  laser 
cavity  has  low  Q.  This  has  relevance  to  the  sensitivity  questions  already 
addressed  in  this  report,  but  also  to  the  case  of  semiconductor  lasers  with 
simply  cleaved,  unpolished  facets.  As  one  expects,  the  phase  diffusion  and 
quantum  noise  impressed  upon  the  laser  light  output  tend  to  increase  as  the 
cavity  transmission  increases.  This  initial  effort  has  now  been  put  on  much 
more  solid  ground  via  a  s ingle - quas imode ,  Langevin  picture  as  well  as  (for 
extremely  low-Q  cavities)  via  a  nonmodal  difference-equation  analysis  (papers 
to  be  published).  Also,  extensions  to  the  case  of  injection  of  squeezed  vacuum 
are  now  more  or  less  complete,  confirming  the  results  of  paper  3  which  showed 
that  by  squeezing  the  injected  vacuum  perfectly,  one  could  reduce  the  laser 
linewidth  by  50%. 
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Finally ,  we  note  that  the  role  of  an  observer  in  several  experiments  has 
been  investigated  using  the  micromaser  as  a  which-path  detector.  In  this  work 
we  have  accomplished  Einstein's  goal  and  achieving  which-path  information 
without  scrambling  phases  of  the  carrier  waves.  However,  quantum 
complementarity  is  still  preserved  via  quantum  correlations  so  that  Bohr  would 
not  be  unhappy  with  these  results . 
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